Role of viral ribonucleotide reductase in the increase of dTTP pool size in herpes simplex virus-infected Vero cells
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Infection of Vero cells with herpes simplex virus (HSV) causes a marked increase in the dTTP pool size of infected cells. In this study we examined the relative importance of the HSV-encoded ribonucleotide reductase (RR) and thymidine kinase (TK) in the increase of dTTP. In ceils infected with an RR deletion mutant of HSV-1 strain KOS, there was no significant increase in the size of the dTTP pool, whereas the dTTP pool in HSV-l(TK-)-infected cells was increased in size to almost the same extent as that in HSV-1 (TK+)-infected cells. Moreover, it was found that the increase in dTTP pool size was strongly inhibited by the addition of hydroxyurea, a specific inhibitor of RR, and 5-fluoro-2'-deoxyuridine, a specific inhibitor of thymidylate synthetase. These results suggest that the induction of viral RR is of primary importance in the increase of dTTP pool size in HSV-l-infected Vero cells.
Herpes simplex virus (HSV) encodes many enzymes involved in DNA synthesis and DNA precursor metabolism (Jamieson & Subak-Sharpe, 1974; Powell & Purifoy, 1977; Francke et al., 1978; Preston et al., 1984) ; these include a DNA polymerase, a thymidine kinase (TK) and a ribonucleotide reductase (RR), all of which are induced prior to viral DNA synthesis. It is well known that infection of cells with HSV results in marked changes in the size of the dNTP pools (Jamieson & Bjursell, 1976a; Roller & Cohen, 1976) ; the increase in dTTP is particularly marked, the pool size in infected cells reaching 25-to 50-fold that in uninfected cells (Jamieson & Bjursell, 1976a) . Although it has been suggested that these changes in dNTP pools may be due to the induction of HSV-encoded enzymes (Jamieson & Bjursell, 1976b; Nutter et al., 1987) , it is not clear how each enzyme contributes to the change in DNA precursor metabolism in infected cells. In this study, we have evaluated the relative importance of the virusencoded RR and TK in the increase of dTTP pool size by using RR-and TK-mutants of HSV.
Vero cells, a stable line of African green monkey kidney ceils, grown in Eagle's MEM supplemented with 5~ calf serum were used throughout this study. HSV-1 strain KOS and its RR deletion mutant, ICP6A, were kindly supplied by Dr Sandra K. Weller, University of Connecticut Health Center, Farmington, Conn., U.S.A. ; its properties have been reported previously (Goldstein & Weller, 1988a, b) . HSV-2 strain 186 was obtained from Dr Fred Rapp, Pennsylvania State University College of Medicine, Hershey, Penn., U.S.A. TK-mutants of HSV-1 KOS and HSV-2 186 were isolated in our laboratory. Wild-type HSV from a single plaque was mutagenized using u.v. irradiation (3-6 x 10 -4 J/mm2), the u.v.-irradiated virus was passaged once in Vero cells and TK-mutants were isolated by selection with thymine 1-fl-D-arabinofuranoside. The level of TK expression of these viruses is shown in Table 1 . Although the yield of TK-and RR-mutants in freshly formed Vero cell monolayers was reduced by between three-and 10-fold compared with that of the parental strains, the mutants grew at rates similar to the parental viruses. Stocks of these viruses were prepared as described previously (Nishiyama & Rapp, 1981) . The size of the dNTP pools in cultured cells was measured according to the method described by Tanaka et al. (1984) . Briefly, cells were suspended in cold phosphate-buffered saline (approximately 1 x 108 cells/ml) and cold TCA was added to the suspension to extract the nucleotides. After centrifugation, the acidic supernatant was separated and added to 1.1 vol. cold Freon (Aldrich) containing 0-5 M tri-n-octylamine (Tokyo Kasei). After centrifuging, the aqueous upper layer, which contained nucleotides, was analysed by HPLC to assay the levels of dNTPs (Garrett & Santi, 1982; Tanaka et al., 1984) .
To characterize the time course of the changes in dNTP pool size after HSV infection, freshly formed confluent monolayers of Vero cells in 100 mm dishes were infected with HSV-1 KOS at a multiplicity of approximately 5 p.f.u./cell. According to cell-cycle 0000-9724 © 1991 SGM analysis using a fluorescence-activated cell sorter (Coulter EPICS Profile) (Nawa et aL, 1990) , 40 to 45~ of cells were in the S and G2/M phases of the cell cycle under the conditions used. After a 1 h adsorption period, serum-free MEM was added, the mixture was incubated at 37 °C and, at the indicated times after infection, cells were infected with HSV-1 KOS at a multiplicity of As shown in Fig. l , the size of the dTTP pool increased rapidly after HSV-1 infection, reached a maximum size 6 to 9 h post-infection and decreased rapidly thereafter. Both the dCTP and dGTP pools also increased in size during virus infection, but to a lesser extent. There was no significant change in the size of the dATP pool. We next studied the change in the size of the dTTP pool in Vero cells infected with TK-and RR-mutants of HSV-1 KOS. The results are shown in Fig. 2(a) . Unexpectedly, the size of the dTTP pool of HSV-1 (TK-)-infected cells increased to almost the same extent as that of HSV-l(TK+)-infected cells. Similar results were seen when changes in the dTTP pool size were examined using TK-and TK + HSV-2 186 (Fig. 2b) , whereas there was no significant increase in the dTTP pool size of HSV-l(RR-)-infected cells, as shown in Fig.  2 (a) . These results suggest that the increase in the dTTP pool size in HSV-infected Vero cells is not due to the induction of virus-specified TK, but is due mainly to the induction of viral RR. Therefore, we also examined the effect of hydroxyurea and 5-fluoro-2'-deoxyuridine (FUdR) on the expansion in size of the dTTP pool of HSV-1 (TK+)-infected Vero cells. Hydroxyurea is known to inhibit both cellular and HSV-induced RR (Averett et al., 1983; Cohen et aL, 1985) and 5-fluoro-2'-deoxyuridine 5'-monophosphate is known to be a potent inhibitor of dTMP synthetase (Honess et al., 1986) , which is not a virus-encoded enzyme (McGeoch et aL, 1988) . As shown in Table 2 , the increase in size of the dTTP pool was markedly inhibited when HSV-l(TK÷)-infected cells were treated with 10 mM-hydroxyurea. FUdR also inhibited the increase in the dTTP pool size of HSV-1-infected cells; however, suppression of the increase in dTTP pool size by both inhibitors was prevented by the addition of exogenous thymidine (25 ixlvi) to the infected cells. The addition of thymidine to ICP6A-infected cells also resulted in a marked increase in the dTTP pool size. In contrast, phosphonoacetic acid (PAA), a specific inhibitor of HSV DNA polymerase, enhanced the increase in the dTTP pool size in infected cells; this could be explained by reduced utilization of dNTP, a result of inhibition of viral DNA synthesis.
Together, these observations suggest that the induction of viral RR is of primary importance to the increase in the size of the dTTP pool in HSV-l-infected Vero cells. If this is the case, the increase in dTTP after HSV infection must be dependent on the activity of enzymes involved in the de novo pathway for dTTP synthesis, which includes deoxyuridine triphosphatase, dTMP synthetase and so on. Since HSV, unlike varicella-zoster virus, does not encode dTMP synthetase, only cellular dTMP synthetase is involved in the synthesis of dTMP from dUMP in both infected cells and uninfected cells. In fact, treatment of infected cells with FUdR strongly suppressed the increase in the dTTP pool size. Thus it is concluded that, if cellular dTMP synthetase is available, the de novo pathway is more important in regulation of the size of tl~e 'dTTP pool in HSV-l-infected cells than the salvage pathway. It has been proposed that HSV RR could serve as a target for antiviral drugs (Spector et al., 1989; Jacobson et al., 1989) and our data support this proposal.
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